Abstract-During the response to the Fukushima Daiichi nuclear power plant (FDNPP) emergency, about 50 patients died during or shortly after an evacuation when they were not provided with the needed medical support. In addition, it has been shown that during the FDNPP emergency there were increases in mortality rates among the elderly due to long-term dislocation as a result of evacuation and relocation orders and an inability to stay in areas where residents were advised to shelter for extended periods. These deaths occurred even though the possible radiation exposure to the public was too low to result in radiation-induced deaths, injuries, or a meaningful increase in the cancer rate, even if no protective actions had been taken. These problems are not unique to the FDNPP emergency and would be expected if the recommendations of many organizations were followed.
INTRODUCTION
DURING THE FDNPP emergency, evacuations and relocations resulted in deaths and injuries (Hasegawa et al. 2016; Ichiseki 2013; Murakami et al. 2015; Nomura et al. 2013; Saji 2013; ) but prevented only exposures that were too low to result in meaningfully observable adverse radiation-induced health effects, ‡ § henceforth referred to as meaningful radiation health effects. Therefore, these protective actions may not have been justified since they did more harm than good and no process was used to assess whether the protective actions were justified. This occurred because the Japanese emergency arrangements concerning protective actions were not comprehensive as they:
• assumed an exaggerated health risk of radiation exposure;
• did not consider the health impact of taking protective actions; and • did not consider the impact to health of the psychological, sociological and other effects that were often a result of an exaggerated fear of radiation exposure.
These problems are not unique to the FDNPP emergency and would probably occur during the next severe NPP emergency ** if the recommendations of many organizations were followed. This paper will show how many of the existing recommendations and analyses used for emergency response (for ‡ Severe deterministic effects and radiation induced cancers that are meaningfully observable in the sense that the rate of occurrence is large enough that any action taken to reduce the rate may do more good than harm when the impact on the overall health of those affected is considered. This would not include small (relative to the background rate) increases, in theory, shown at low doses. § The maximum effective dose averted by evacuation was 50 mSv effective dose and by relocation it was 20 mSv effective dose to adults. Between 750 and 200 mGy absorbed dose to the 1 year infant thyroids was averted by evacuation in a relatively small number of people living within a few kilometers of the FDNPP (UNSCEAR 2014); however, these thyroid doses could have been averted by timely application of iodine thyroid blocking (ITB) agent. ITB agent needs to be pre-distributed to ensure it can be taken immediately when instructed. Taking an ITB agent is safe provided it is taken according to WHO recommendations (WHO 2011). example : IAEA 2013a; ICRP 2007; USDHS 2006; USEPA 2017; USNRC and FEMA 2011; USNRC 2012 USNRC , 2013 can result in actions taken that may not be justified as they can do more harm than good. While the principle of justification is recognized by most of these recommendations as a key concept of radiation protection, no system has been developed to present how this can be realized.
It is necessary to act using a "comprehensive public protective action strategy" for protection of the public during severe NPP emergencies. This strategy would consider all the hazards encountered by the public and provide the basis for the public response community † † to work together in planning and responding in a way to ensure justified and effective protective actions are taken. This paper will also describe in Appendices A and B the "COMprehensive Protective Action stRatEgy" method (COMPARE method) for use by the public response community to balance the health hazards of protective actions, radiation exposure, and NPP emergencies, which would allow the development of a protective action strategy that is justified. The method will also explain how to counter the exaggerated fear of radiation exposure that can be expected during an emergency, which could lead to taking unjustified protective actions. This COMPARE method uses concepts consistent with the "risk-informed decision making" approach (IAEA 2011).
The FDNPP emergency: the response taken consistent with existing recommendations
This section of the paper provides a description of the emergency at the FDNPP, focusing on the limitations of recommendations on protection of the public given in references (IAEA et al. 2007; ICRP 2007; USDHS 2006; USEPA 1992; USNRC and FEMA 1996) that were available at the time of the emergency. In addition, the shortcomings of current recommendations and analysis on the response to severe NPP emergencies (USDHS 2006; USEPA 2017; USNRC 2013) will be discussed. Table 1 summarizes the key events during the FDNPP emergency, the protective actions taken that may have been unjustified, why the protective action may have been unjustified, and the international and U.S. recommendations in place at the time of the emergency that could lead to taking unjustified protective actions under similar conditions. Fig. 1 shows when and where the protective actions from Table 1 were taken and the projected effective dose (mSv) from external exposure from ground deposition for the first year following the emergency.
Evacuations implemented before the major release (out to 30 km; Fig. 1 ) were due to concerns raised by the severe conditions at the FDNPP and caused the majority of the > 250 deaths among the elderly (Table 1) . Contrary to this experience, the most recent analysis of the risks from a severe NPP emergency performed by the U.S. Nuclear Regulatory Commission (USNRC 2012 (USNRC , 2013 concluded that there will not be any deaths from severe NPP emergencies, since the public within 10 miles (16 km) would have been evacuated before a major release upon detection of severe conditions at the NPP. This analysis did not recognize the possibility of deaths among the elderly as a result of the evacuation.
In addition, as described in Table 1 , the public during the FDNPP emergency were relocated from areas where the effective dose from deposition was projected to exceed 20 mSv y −1 (IAEA 2015) based on the ICRP reference levels for emergency exposure situations (ICRP 2007). However, this reference level, as with all ICRP reference levels, is below the effective dose at which radiationinduced health effects would be meaningful (Table 2) . Importantly, these reference levels cannot be used as a basis for justified protective actions since they were developed without considering the impact of the protective actions that would be taken based on these levels (ICRP 2007 (ICRP , 2012 . However, ICRP recommendations emphasize optimization and the use of reference levels during emergency situations with limited or no mention of justification (ICRP 2007 (ICRP , 2012 . This is highlighted by the ICRP message about the FDNPP emergency (ICRP 2011; IAEA 2015) issued 10 d after the start of the emergency on 21 March 2011 that recommended the use of optimization and the ICRP reference levels. No mention was made in the message of the principle of justification or that the impact of protective actions needs to be considered. There is no evidence that shows consideration was given to the principle of justification by the Japanese government when establishing the criteria for relocation.
If a projected effective dose of 100 mSv y −1 , the dose above which radiation-induced health effects are meaningful (Table 2) , had been used as the criterion for relocation during the FDNPP emergency, no relocations would have been required beyond the evacuated 30 km zone (Fig. 1 ). This would have most likely saved lives (Table 1) among the elderly and other non-radiological health effects due to dislocation from this area.
The U.S. Environmental Protection Agency (EPA) Protective Action Guides (PAGs) (USEPA 2017), which are the projected dose at which evacuations and relocations are recommended, are well below the doses at which any radiationinduced health effects (Table 2) would be meaningful. The EPA PAGs were based on LNT assumptions and a cost benefit analysis, which did not take into consideration the The risk of fatal exposures from deterministic effects and cancers off the site from a future release at this point in the emergency was almost totally confined to within a few kilometers of the FDNPP (IAEA 2013a). However, evacuations were carried out to 30 km and resulted in: • About 50 deaths (as of April 2011) from the unsafe movement of patients from some hospitals and nursing care homes that may have been preventable (IAEA 2015; NAIIC 2012; Tanigawa et al. 2012) • An increase in mortality rates amongst the elderly who had been dislocated (Hasegawa et al. 2016; Ichiseki 2013; Murakami et al. 2015; Nomura et al. 2013) has been shown to result in about 200 deaths and may have resulted in more.
c The evacuations and sheltering by Japan were broadly in line with the IAEA and U.S. recommendations at the time (IAEA et al. 2007; USNRC and FEMA 1996) . These recommendations did not adequately consider the possible health effects of the protective actions, such as deaths and injuries among the elderly, or other health concerns among the general population.
Following the major release a additional protective actions were taken based on environmental monitoring to include relocation of about 10,000 people starting on 15 May onwards (NAIIC 2012) from areas where the dose from the 15 March deposition was projected to exceed 20 mSv b in a year.
The dose criterion for relocation was well below that at which there would be any meaningful radiation induced health effects. These relocations could have resulted in a small number of deaths among the elderly.
The criterion used by Japan for relocation was established at 20 mSv effective dose based on ICRP recommendations (ICRP 2007; NAIIC 2012) which is a dose below which there would be no meaningful radiation induced health effects ( Estimates of >1,000 deaths due to the dislocation have been made; however, these estimates need to be viewed with caution, as discussed in Appendix B.
Fig 1.
Projected effective dose for the first year from external exposure from ground deposition from the major release of the FDNPP on 15 March, with the protective actions presented in Table 1 ( IAEA 2015; NERHQ 2011). adverse health impact of the protective actions triggered by the PAGs or from the fear of radiation exposure implied by the PAGs. In addition, EPA recommends using conservative assumptions to fill information gaps, and this could overestimate the health hazards from radiation exposure (USEPA 2017). Therefore, taking actions based on these PAGs could do more harm than good due to the health impact of the protective actions. Furthermore, the PAGs contained in the U.S. Department of Homeland Security (DHS) guidance for the response to a terrorist attack involving a radiological dispersal device or improvised nuclear device (USDHS 2006) are consistent with the EPA's PAG. This means that taking protective actions based on the DHS PAGs may also not be justified and could contribute to adverse psychological, sociological and other effects during a terrorist attack due to the exaggerated fear of radiation exposure portrayed (Orient 2014). The underlying problem, as highlighted in Table 1 , is that the most important radiation protection principle, justification, was forgotten in the development of the recommendations that were available at the time of the FDNPP emergency and has also been forgotten in the development of the recommendations that have been published since then.
Adverse radiation health hazards for a severe NPP emergency release
As demonstrated above, protective actions have been taken during severe NPP emergencies to avert exposures that were not meaningful since the hazards of radiation exposure were not placed in perspective by the existing guidance. Consequently, a color-coded system to place in perspective the meaningful radiation health hazards for a severe NPP release has been developed (McKenna et al. 2015) in order to help decision makers and the public make informed decisions on protective actions. The system is presented in Table 2 and was designed recognizing that dose estimates by themselves are meaningless and are only useful as an indicator of the possible health effects if compared to doses calculated for a specific set of circumstances (IAEA 2013a) .
‡ ‡ This color-coded system will be used as part of the COMPARE method (Appendices A and B) in order to allow all hazards to be compared on an equal ground to facilitate balancing the meaningful radiation health effects (Table 2) against the meaningful health hazards of protective actions. Safe for all members of the public including the most sensitive (i.e. children and pregnant women), since:
• any radiation induced injuries or increase in the cancer rate, if at all, are too small to be meaningfully observable e in the sense that any protective action taken to reduce them may do more harm than good when the impact on the overall health of those affected is considered.
• the international generic criteria (FAO et al. 2015) at which protective actions and other response actions are considered justified are not exceeded.
Taking protective actions that are possibly dangerous to health or that could result in health concerns (Table A4) may not be justified to avoid this level of hazard since the actions may do more harm than good. Equivalent dose to the fetus is derived as the sum of the dose from external exposure and the maximum committed equivalent dose to any organ of the embryo or fetus from intake to the embryo or fetus for different chemical compounds and different times relative to conception (FAO et al. 2015) . The hazard applies to anyone affected during a particular exposure scenario when the fetal dose is exceeded; the fetal dose is used as a surrogate to account for the hazard from intake (inhalation or ingestion) in any exposed person. The original definition of safe presented in (McKenna et.al 2015) has been revised from below "observable" health effects to below "meaningfully observable" health effects to address criticism (e.g. Tsuda et al. 2017) by those that say studies, in theory, have observed health effects at very low doses. Within the text of the paper "meaningfully observable" is shortened to "meaningful" for simplicity and ease of reading. ‡ ‡ Such as dose rates in an inhabited area or conditions at an NPP.
In addition to exposure-related health effects, nuclear and radiological emergencies have resulted in adverse economic, social, and psychological effects (IAEA et al. 2005; WHO 2013 WHO , 2016 , and the public, decision makers and others (e.g., medical staff ) have taken inappropriate and damaging actions that are not justified based on the radiological health hazard, often in the misguided belief that they were protecting themselves and their families (IAEA 2013a; ICRP 2012; McKenna et al. 2015) . This was due in part to the failure to communicate the health hazards of radiation exposure clearly and compounded by a complex system of radiation protection concepts and units (IAEA 2013a; ICRP 2012; McKenna et al. 2015 ) that does not provide information on when radiation-induced health effects would be meaningful.
For example, it is often considered prudent to use the linear no-threshold model (LNT) as a basis for the criteria for taking protective actions (USEPA 2017; ICRP 2007) . This is assumed even though the LNT assumption is questionable, § § does not help define what levels of exposure are meaningful in terms of health effects, and its use often exaggerates the health hazards from radiation exposure (Cuttler 2016; Orient 2014; Rithidech 2016; Sacks et al. 2016; Siegel and Stabin 2012) . As documented in reference (Brooks et al. 2016 ), a general finding of the 2015 Health Physics Society symposium, health risks from low doses and low dose-rates of ionizing radiation, was: "A decision to implement protective actions for public health (e.g., evacuations) in the event of low dose exposure must be carefully justified to ensure that the actions provide public benefit and do not result in harm. In the case of any radiation exposure, the serious fear and stigma can lead to highly detrimental mental and social suffering." Thus, the use of LNT during emergencies, rather than being prudent, can result in taking protective actions that do more harm than good when the impact of the protective action is considered.
In addition, the LNT assumption is often misused to estimate deaths from very low exposures, such as half a million deaths from the FDNPP and Chernobyl NPP emergencies (ICRP 2012) . This is done even though ICRP clearly states that this is inappropriate (ICRP 2007 (ICRP , 2012 , and it is not recommended by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR 2015). However, this is often done by the media and 'experts' during emergencies and in peer reviewed articles (e.g., Hoffman et al. 2011) and assessments (e.g., WHO 2013). The result is often mixed messages being provided to the public not to worry about the low doses, while at the same time being told that these low doses will cause excess cancers. These unfounded death estimates and mixed messages caused emotional distress and confusion among the public (ICRP 2012). Some assessments (e.g., Tsuda et al. 2017 ) of the possible health consequences of severe NPP emergencies focus almost exclusively on the possible effects of radiation exposures at very low levels where these effects, if any, would not be meaningful. This is done without considering the adverse psychological and other effects of not putting the health risk in perspective or considering the health impact of protective actions that would be taken to avert these exposures.
Another example is that during the FDNPP emergency, the public could not understand why higher public doses were permitted during the emergency (i.e., ICRP 20 mSv y −1 effective dose reference level) than before the emergency, when the "annual limit" for public exposure was 1 mSv y −1.*** This gave the public the impression they were being less protected during the emergency than before and, logically, that doses above 1 mSv y −1 effective dose were dangerous (ICRP 2012) . The same could be expected if a severe emergency occurred in the U.S., since the EPA and NRC have established dose limits for the general public of between 0.04 and 1 mSv y −1 effective dose (HPS 2016) .
The system of concepts and units that has been used successfully for radiation protection during normal situations is not suited for emergencies (ICRP 2012) and can be the basis for unjustified actions being taken. The various limits and levels are not explained in terms of the possible meaningful health effects and present an exaggerated impression of the health risk of exposure when compared to any action taken to reduce exposures. This shows the importance of being able to place calculated doses or measured quantities (e.g., dose rates, food concentrations) into perspective relative to meaningful health effects from radiation exposure. This would allow the public to make informed decisions concerning the actions to take and would help to relieve their anxiety.
There is a need for a new system of radiation protection for emergency response with the objective of taking justified protective actions in the event of an emergency. This system would be designed for use by the public and other members of the public response community who must work together when planning for and responding to a severe NPP emergency. The system should provide a graded approach that can be used as a basis for balancing the meaningful health hazards of radiation exposure against those of the protective actions that might be taken to avert exposure. The system would be based on meaningful health effects presented in a way that is understandable for the public. The system would provide a basis for countering the exaggerated fear and concerns resulting from the § § The LNT model is not universally accepted nor scientifically verified and the level of risk is associated with very-low-dose exposure is unknown (ICRP 2007; Siegel and Stabin 2012) . There is growing evidence the LNT model may be wrong (Cuttler 2016; Rithidech 2016; Sacks et al. 2016 ). *** use of LNT assumptions that could lead to taking unjustified protective actions. In applying the system, the best estimate of the hazards is used rather than conservative estimates. This is because a conservative estimate of the radiological hazards (i.e., assuming the worst effects theorized) can result in an increased hazard from the protective actions that are implemented.
CONCLUSION
Over the last 40 y, protective action strategies have been developed to protect the public from NPP emergencies that focus principally on the radiological effects without fully considering the health impact of the protective actions and have been predominantly based on the LNT theory projections of radiation-induced health effects and assumptions (conservative assumptions) that overestimate the doses. The result, as has been observed during past emergencies, is that often the most severe health effects are those caused by protective actions or by the exaggerated fear of radiation exposure. Consequently, the protective action strategies developed to date are, in many cases, not justified as they have done more harm than good.
Clearly much of the recommendations and analysis (IAEA 2013a; ICRP 2007; USDHS 2006; USEPA 2017; USNRC 2012 USNRC , 2013 concerning protection of the public in the event of a severe NPP emergency needs to be reexamined considering the full impact of protective actions, the meaningful health effects of radiation exposure and the exaggerated fear of radiation exposure. The public, decision makers and other members of the public response community need to understand when the risk of taking protective actions outweighs the risks from radiation exposure. This is to ensure they can work together during the preparedness and response to a severe NPP emergency to most effectively protect the public. Therefore, the authors support a petition for rulemaking to the NRC and EPA requesting these issues to be addressed.
In support of these needs, the COMPARE method is presented in this paper (Appendices A and B) to allow the existing recommendations to be re-examined and revised accordingly to ensure that actions taken to protect the public do more good than harm. 
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APPENDIX A: THE SOLUTION-THE COMPARE METHOD
This appendix presents a method for developing a "comprehensive protective action strategy" for protecting the public, hereinafter referred to as the COMPARE † † † method, as a solution to help facilitate urgent and early ‡ ‡ ‡ protective actions being taken during a severe emergency at an NPP that are justified.
The COMPARE method would need to be integrated into the emergency preparedness and response arrangements and training on its use provided. Further details of the arrangements that need to be in place in order to respond effectively to a severe nuclear or radiological emergency can be found in references FAO et al. (2015) and IAEA (2013a) . The majority of the concepts used in the method have been tested in several IAEA workshops and were revised following comments and feedback from the emergency preparedness and response community. However, the newly developed approach of the COMPARE method has not been tested in workshops, and the authors recommend that this is done before the method is integrated into emergency preparedness and response arrangements.
The fundamental concept of the COMPARE method is shown in Fig. A1 , and the application of the method is presented in Fig. A2 .
The COMPARE method is based on best estimates of the meaningful health effects, presented in a way that is understandable to all members of the public response community, with the goal of promoting informed decision making:
• during planning to balance the health hazards of possible radiation exposure and the possible health hazards from protective actions to determine the protective action strategy that is most likely to do more good than harm and therefore is justified in the event of a severe NPP emergency; • during response to provide a sound, understandable basis on which to compare the hazards and make informed decisions based on the information being provided; and • during planning and response to counter the exaggerated projections of the health hazards of radiation exposure which could lead to taking unjustified protective actions.
The protective action strategies must be developed by the members of the public response community working together to take effective and justified protective actions during a severe NPP emergency based on a common understanding of the key elements summarized in Table A1 . In order to facilitate this common understanding and to allow all of the hazards to be compared and balanced, all the meaningful health hazards are presented in a color-coded system for different hazard situations:
• calculated doses (Table 2) ; • NPP conditions (Table A2) ; • environmental measurements (Table A3) ; and • protective actions (Table A4 ).
It should be noted that while the same color and category (e.g., red and "possibly dangerous to health") are used for each of the hazardous situations, the criteria listed in each table defining the category are different depending on the nature of the hazard. Each hazard situation has an associated pictograph: radiation symbol (Table 2) for the hazard indicated by calculated doses, NPP with core melt and plume symbol (Table A2) indicating the hazard of a core melt and possible release from an NPP, environmental monitoring symbol for the hazard indicated by monitoring results (Table A3 ) and a family under an umbrella (Table A4) for the hazard associated with protective actions. All of the hazards must be balanced at each point at which protective action decisions are made during a severe emergency:
1. Upon detection of plant conditions indicating actual or projected severe damage to fuel in the reactor. At this decision point, protective actions are initiated that must be taken before or shortly after a release (i.e., before monitoring) to be effective. The possible meaningful radiation-induced health hazards indicated by severe emergency conditions at the NPP as a function of distance and possible effective protective actions are shown in Table A2 , with the basis discussed later; and 2. Following a major release based on environmental measurements. At this decision point, protective actions are taken to prevent meaningful radiation-induced health effects principally from longer-term exposures due to deposition and ingestion. The meaningful radiation-induced health hazards indicated for selected environmental measurements and exposure situations are summarized in Table A3 . The basis for these hazards is described in the literature (IAEA 2013a; McKenna et al. 2015) . § § §
If dose projection models are to be used in the decision-making process, it is crucial that all those involved in the process understand the significant difficulties of using such models as an effective basis for protective actions due to the inability to predict the timing, magnitude, composition, effective height and duration of severe releases as demonstrated during the FDNPP and Chernobyl NPP emergencies (IAEA 2013a (IAEA , 2015 .
It is assumed that in applying the COMPARE method, the necessary elements of emergency preparedness are in place, such as arrangements for:
• initiation of safe protective actions promptly (i.e., within 30 min) of detection of severe conditions at the NPP;
• initiation of safe protective actions promptly following a release based on environmental measurements, to include default operational intervention levels (OILs) (IAEA 2013a; McKenna et al. 2013 ); • effective implementation of protective actions, such as: (1) pre-distribution of iodine thyroid blocking to allow it to be taken immediately, (2) consideration of the local conditions (e.g., location of hospitals) that could affect implementation of protective actions, (3) providing medical care for hospital and nursing care facilities to allow safe longer term operations in areas that will be advised to shelter, and (4) recognizing that families will, if possible, evacuate or shelter together during an emergency; and • effective communication with the public during the emergency, placing the health hazards of exposures and protective actions into perspective, and countering assessments that may result in an exaggerated fear of radiation exposure. FAO et al. (2015) has comprehensive recommendations concerning emergency response arrangements. Table A2 presents the meaningful radiation health hazards when conditions at the facility are detected that indicate a severe NPP emergency, along with the effective protective actions. This table is used in the COMPARE method to balance the possible health hazard of protective actions (Table A4) and radiation exposure at the first decision point, which is when protective actions need to be taken based on conditions at the NPP to be effective. Table A2 is based on the examination of years of analysis and experience of severe reactor emergencies, such as that presented in references (IAEA 1991 (IAEA , 1997 (IAEA , 2013a (IAEA , 2015 McKenna 2000; U.S. NRC 1975 U.S. NRC , 1978 U.S. NRC , 1990 U.S. NRC , 2002 U.S. NRC , 2007 U.S. NRC , 2010 U.S. NRC , 2012 U.S. NRC , 2013 .
This table considered certain characteristics of severe NPP emergencies that need to be understood when developing a protective action strategy. This includes: what could cause a major release, when a major release could be expected to occur, how long a major release could last, and how to characterize the resulting off-site health effects. Decision makers would also need to understand what information will be available during an emergency that can be used as a basis for taking protective Fig A1. Fundamental concepts of the COMPARE method-how to attain justification for a severe NPP emergency. § § § Note that the radiation hazards indicated by measurements in Table A3 are for short-term exposures of a year or less. For long-term exposure situations (involving many years) the criteria need to be adjusted to ensure that the total dose of the longer-term exposure periods are still safe, as indicated in Table 2. actions. The most important insights are summarized in reference IAEA (2013a), **** along with the effectiveness of protective actions for a severe NPP emergency at a light water reactor. Table A3 presents the meaningful radiation health hazards indicated by selected environmental measurements for realistic exposure scenarios for a release of radioactive material from a light water reactor. This table is used in the COMPARE method to balance the possible health hazard of protective actions (Table A4) and radiation exposure at the second decision point, The protective actions described in this reference may not be justified, since the health hazards of the protective actions were not fully considered. Table A1 . Key elements of the COMPARE method and where to get more information.
Key elements of the COMPARE method
Where to get more information
The health hazards for radiation exposure (dose projections) Table 2  The health hazards for severe NPP emergencies  Table A2  The health hazards indicated by environmental measurements  Table A3 a The health hazards of protective actions Table A4 How to recognize and counter assessments by the media and 'experts' that exaggerate the health hazard of radiation exposure that could cause the public to take unjustified protective actions (IAEA 2013a) (McKenna et al. 2015) a References (IAEA 2013a (IAEA , 2013b (IAEA , 2017 McKenna et al. 2015) provide further information. Table A2 . Radiation health hazard for a severe NPP emergency and effective protective actions.
Radiation health hazard
Distance from NPP (radius) Description of the radiation health hazards and effective protective actions
Possibly dangerous to health (Red)
For living within a minimum of 3 km and possibly out to 5 km Upon detection of severe NPP emergency conditions the greatest risk of exposures dangerous to health is within: • 1.5 km for those sheltering in a large building, • 3 km for those sheltering in a house, • 5 km within days for all those sheltered after a release due to exposure from deposition, especially if it rains.
If an ITB agent is not taken it could be dangerous to health beyond 5 km.
The hazard to health is from inhalation of radio-iodine in the plume and early external exposure from deposited material, particularly if it rains during plume passage.
The most effective protective actions for reducing the health hazards of radiation exposure are ITB combined with safe evacuation within a few hours. The second most effective is large building sheltering combined with ITB followed by safe evacuation as soon as possible.
Health concerns (Orange)
For living beyond 3 to 5 km and possibly out to 15 to 30 km
The greatest risk of exposure resulting in health concerns are confined to within about 15 km. a Health concerns are due to inhalation of radio-iodine in the plume and early exposure to deposited material, particularly if it rains during plume passage.
The most effective protective actions are safe evacuation within a few hours combined with ITB or large building sheltering combined with ITB. Sheltering in a typical house combined with ITB is less effective, but can greatly reduce the risks. Within 15 to 30 km ITB may be needed to prevent health concerns from inhalation of radio-iodine. For living within a minimum of 50 km and possibly out to 100 km Following a major release b there may be health concerns (Table 2 ) from long term exposure due to radioactive material deposited on the ground, principally by rain. Therefore, affected areas need to be monitored within days to identify and safely evacuate areas where the criteria listed in Table A3 indicate health concerns. For ingestion − within a minimum of 100 km and possibly out to 300 km Following a major release b there may be health concerns within hours due to ingestion of rainwater, milk from grazing animals and vegetables affected by deposition of radioactive material principally by rain. Restrictions should be promptly placed on ingestion of rainwater and milk from grazing animals or vegetables grown out in the open following detection of a major release. b This would allow restrictions to be implemented within hours, and remain in place until monitoring can be performed and the results assessed using the criteria given in Table A3 .
It is safe off the site: -Beyond the distances stated above for living in the area and ingestion until conditions at the facility indicate there is a very low probability of a major release (e.g. fuel of the reactor is being cooled long term and the containment is not threatened and will be protected long term). and -Environmental monitoring confirms that living in the area and ingesting food is safe. which is when protective actions need to be taken following a release based on environmental measurements. References (McKenna et al. 2013 (McKenna et al. , 2015 IAEA 2013a and b, 2017) provide comprehensive recommendations and tools on taking justified protective actions and on putting the radiation health hazards in perspective based on environmental measurements. Table A4 presents the possible hazards to health from taking protective actions. This is used in the COMPARE method to balance the health hazards at both decision points-upon detection of plant conditions and based on environmental measurements. The basis for the hazards is discussed in Appendix B.
In developing the protective action strategy it will be necessary to optimize the strategy by determining where protective actions can be taken most effectively when considering both the hazard to health from radiation exposure and from protective actions. For example, the boundary of where evacuations would be recommended upon detection of severe condition in the NPP (e.g., somewhere between 3 to 5 km) (Table A2) should be established such that those at greatest risk are most effectively protected but also ensuring that the protective actions will, overall, do more good than harm. This may involve, for example, establishing the boundary to exclude a hospital or nursing care home (Fig. A3 ) in order to aid fast evacuation of those closer to the NPP and reduce the possibility of increased mortality and morbidity rates among the elderly or those with severe underlying medical conditions.
An example of the results of the application of the COMPARE method for a severe NPP emergency is presented in Table A5 , which lists the protective action to be implemented, the distance, and the considerations when balancing all of the hazards. This table is for exemplary purposes only; it is important to emphasize that the COMPARE method should be adapted and applied to local conditions and coordinated among all members of the public response community.
Possible health effects that could result from using the example COMPARE method This section will briefly discuss the possible health effects, including both the positive and negative impacts, from using the example COMPARE method (Table A5) . This discussion will include the FDNPP emergency and an NPP emergency involving the most severe release considered reasonable. Table 2 indicated by selected environmental measurements for realistic exposure situations for a release of radioactive material from a light water reactor based on references (IAEA 2013a (IAEA , 2017 McKenna et al. 2013 ). The measured quantities indicating health concerns are also used as the OILs, which if exceeded, protective or other response actions would be taken (IAEA 2013a (IAEA , 2017 McKenna et al. 2013 ). The health impact of the protective actions would be expected to be much lower if the COMPARE method (Table A5 ) had been applied during the FDNPP emergency. About 18,000 people would be dislocated under the COMPARE example versus 140,000 during the FDNPP emergency. The dislocations under the COMPARE method include evacuation of 6,000 people living within 3 km (IAEA 2015) upon detection of severe conditions at the facility (Table A2) , along with relocation of about 12,000 † † † † people from areas where the environmental measurements indicate health concerns due to external exposure from deposition projected in excess of an effective dose of 100 mSv y −1 (Table A3) . Deaths due to unsafe movement of those needing ongoing care would not be expected to occur because evacuations close to the NPP would only be performed when it was safe to do so. In addition, the psychological and other health effects due to an exaggerated fear of radiation exposure would probably be reduced as tools would be used to place the health hazards of radiation exposure into perspective (McKenna et al. 2015) .
The most severe release considered reasonable ‡ ‡ ‡ ‡ is much larger than the FDNPP release and occurs about 8 h after core damage and lasts for several hours, possibly resulting in exposures offsite that could:
• be dangerous to health for the approximately 6,000 people within the first few kilometers, as well as a very small possibility of radiation-induced deaths among those sheltered in houses within 1 to 2 km in the event of rain; • cause health concerns, primarily within 15 km, but also among those in small heavily affected areas out to about 30 km primarily due to radioiodine inhalation and longer-term exposure due to deposition; and • cause health concerns from ingestion of directly contaminated food or rainwater at distances greater than 100 km from the NPP, as occurred in the Chernobyl emergency.
If the example response strategy developed based on the COMPARE method (Table A5) was applied for an emergency with the most severe release considered reasonable, there should not be a detectable increase in radiation-induced health effects among the public.
APPENDIX B: BASIS FOR THE HEALTH HAZARDS OF PROTECTIVE ACTIONS PRESENTED IN TABLE A4
This appendix presents the basis for the health hazards of the protective actions § § § § presented in Table A4 .
Possibly dangerous to health Evacuation of the elderly or patients needing medical care without providing such care. During the FDNPP emergency, about 50 people died (as of April 2011) during or shortly after the evacuation of elderly people from hospitals and nursing Table A4 . Health hazards from taking protective actions.
Protective action health hazards Protective actions
Possibly dangerous to health (Red) Protective actions that may result in a detectable increase in mortality or injuries that reduce the quality of life, such as:
• Evacuation of patients needing medical care without providing such care.
• Evacuation under life threating conditions (e.g. dangerous road/weather conditions).
• Dislocation of the elderly requiring support, even if needed support is provided.
• Sheltering resulting in dislocation a of the elderly.
• Restrictions of food/water that are life threatening.
Health concerns (Orange)
Protective actions that result in health effects or lifestyle changes that may, over time, result in a detectable increase in mortality or injuries that reduce the quality of life, such as dislocation of the general population.
Safe (Green) Protective actions are safe if they will not result in:
• detectable increase in mortalities or injuries that reduce the quality of life, or • health effects or lifestyle changes that may, over time, result in increased mortality or injuries that reduce the quality of life.
a Due to the inability to provide needed support in the sheltered area. † † † † 12,000 was estimated as the number of people to be relocated based on Fig. 1 assuming the area and population density are directly related. ‡ ‡ ‡ ‡ Consistent with the largest releases projected by the latest analysis of severe NPP emergencies, as presented in reference (USNRC 2013) and examined in reference (IAEA 2013a). § § § § Restrictions of food/water that are life threatening is not included as it is considered self-explanatory.
homes (Hasegawa et al. 2016; IAEA 2015) . These evacuations were carried out without the necessary medical and other support, and conditions were imposed for accepting evacuees to shelters (the patients had to be monitored and decontaminated) when priority should have been given to ensuring necessary medical care was provided (IAEA 2015; NAIIC 2012) . Radioactive material deposited on the skin or clothing during such an emergency would not be a significant danger to the health of anyone located offsite, and universal precautions against infection (gloves, mask, etc.) provide sufficient protection from handling possibly contaminated patients (Callen and Homma 2017; IAEA 2013a) . The deaths were due to factors such as hypothermia, dehydration, deterioration of underlying medical problems and lack of medical support (Hasegawa et al. 2016; Tanigawa et al. 2012) . There is a possibility of radiation exposure dangerous to health to all those within this distance (Table A2 ). This is considered to be greater hazard than the hazard from dislocation due to evacuation of a relatively limited number of elderly people (Table A4) .
Between 3 and 15 km Upon detection of severe emergency conditions at the NPP in all directions prepare to shelter and to take ITB if instructed. Upon detection of a major release in all directions take ITB and shelter.
Upon detection of a major release, sheltering, as opposed to evacuation, was selected because dislocation of the elderly due to evacuation is possibly dangerous to health, whereas at this distance there would most likely only be health concerns among the general population sheltered (Table A2 and Table A4 ). It is assumed sheltering could be lifted within days b after the major release and thus dislocation due to long term sheltering would not be necessary. Between 15 and 30 km Upon detection of severe emergency conditions at the NPP in all directions prepare to take ITB if instructed. Upon detection of a major release in all directions take ITB.
At this distance the risk is dominated by inhalation of radio-iodine which is averted by ITB and ITB is considered safe.
Between 3 and 100 km Upon detection of a major release conduct monitoring within days to identify and evacuate areas where predetermined OILs indicate health concerns (Table A3) .
Following a major release evacuation is carried out for the entire population where monitoring results indicate health concerns (Table A3 ). This is considered to be greater hazard than the hazard from dislocation due to evacuation of a relatively limited number of elderly people (Table A4 ). Within 300 km Upon detection of the major release restrict, in all directions, consumption of food and water that can be ingested immediately and conduct monitoring within days to identify where the OILs (Table A3 ) indicate health concerns from food products and extend or lift restrictions. Restrictions are only applied if they do not result in health hazards due to starvation or dehydration, or interruption of sanitary systems.
Food and water restrictions are justified because they would only be taken if they would not result in any health hazards.
a Distance from the NPP, the actual boundary would be established considering local conditions (as shown in Fig. A3 ).
b
The latest studies of severe NPP emergencies (USNRC 2013) indicate, as occurred at the FDNPP (IAEA 2015) and Chernobyl emergencies (IAEA 1991), the major release will probably last only a few days.
